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PURPOSE 

The purpose of th i s  report  is  t o  describe the hydraulic 
character is t ics  of the  hollow-jet valve based on special  t e s t s  of the  
one ins ta l led  on River Chstlet No. 3 through Fritmt Dsm. Also, 
ccmparison is made w i t h  the predictions from hydraulic models during 
the design studies.  

CONCWS IONS 

The %-inch hollow-jet valves i n s t a l l ed  on the r i ve r  c u t l e t s  
through Friant  Dam performed s a t i s f a c t o r i l y  with only a s l i g h t  mount 
of cavi ta t ion erosion i n  the unfinished portion of the body cast ing 
due t o  loca l  i r regular i t i es .  This erosion can undoubtedly be prevented 
in  future  s t ructures  by l imit ing the allowable roughness of the  casting.  

Although no subatmospheric pressures were predicted frcsl the  
model s tudies  except on the la rge  vanes, such pressures d i d  occur at 
three d'ifferent piezolmeter 1ocation.q: but the magnitude of these low 
pressures was not conducive t o  cavi ta t ion erosion. Although the 
subatmospheric pressures on the large vanes were greater i n  magnitude 
than predicted, a m i n  the pressures were not suff ic ient  t o  produce 
cavi ta t ion erosion. 

The posi t ive  pressures vere within the expected range of 
values, varying fran the model pressures by an amount appraximtely 

1 equa l  t o  the  variatior, between the two hydraulic models. 

One of the m o s t  imporb~nt lessons beaned %ran the car~grehenalve 
s tudies  is tha t  the calibration cw:e determined from the hydraulic model 
is as accurate as t h e  f i e ld  cal ibrat ion.  Adoption of a p l i e y  of 
accepting model cal ibrat ion curves would save considerable time and 
expense. 



parer required t o  open and close the valve corresponds closely t o  
the predicted quantity, the maximum variation being a% a valve opening 
of 10 percent when t h i s  unbalanced force was 29 percent greater than the 
value predicted f r m  the model studies. 

The action i n  &he s t i l l i n g  basin was not satisfactory since 
a portion of the jump formed i n  the  rive^ channel downstream from the 
basin; havever, t h i s  condition was predicted during the model studies 
but the r i ve r  charnel was cofisidered suff ic ient ly  s table  t o  withstand 
the action of the hydraulic jump. An underwater survey revealed that 
the chamel has not been eroded but the concrete f loor  of the basin has 
been damaged by the erosive action of the small rocks carried in to  the 
bas in.  

ACKlUQm#E] ITS 

The special  t e s t  program was in i t i a t ed  by the  HydraUic 
Laboratory i n  cooperation with the 1Ilechanical Branch. The i n s t a l l a t i on  
of the t e s t  apparatus and inauguration of the procedure t o  be followed 
v--c accmplished under the supervision of the author .u Appreciation 
is extended t o  the project  personnel who performed the ac tua l  t e s t s .  

W i l l i a m  F. Boyle, Jr . and R.  B.  Dexter of the Hydraulic Laboratory 
ass i s ted  i n  the camputation of the r e su l t s .  

The search fo r  a sat isfactory valve t o  operate a t  any opening 
t o  control the f l o w  through large conduits discharging under high heads 
h ~ s  been i n  progress fo r  nearly half a century. The need f o r  such a 
control  device was responsible for  the development of the Ensign valve 
(!\rrawrock  am) , the needle valve ( ~ l c o v a  Dm),  and the tube valve 
(lower out le ts  tflpough Shes- Dam). Other valves have a l s o  been 
developed f o r  the same purpose but the ones named consti tute those 
primarily used by the Bureau of Reclanmtion. A l l  of these valves were 
inadequate end expensive t o  comtntc t  or maintain. 

The increasing demand for a closer  control of the releases 
through modern multiple-purpose structures prompted a continuation of 
studies t o  obtain s more suitable valve and led t o  the development of 
a new type termed a hollow- j e t  valve. This new type, however, i s  

Field t r i p  report  from D. M. Iancaster dated February 19, 
1951, subject "Field roeasurements t o  determine the hydmulic perfornrrnce 
of the r iver  out le ts  through Friant Dam." 



closed conduits. For those cases where the valve &st discharge i n  a 
closed conduit, a recently developed type known a s  a jet-flow vaive has 
been proven successful .u 
Description of Valve 

The hollow-Jet valve i s  patented by the designers, Byron H. 
StaEnts and G .  J .  Hornsby (patent No. 2,297,082) w i t h  r i gh t s  reserved for 
use by the Government without the payment of royalty. The design was 
acccmplished with the a i d  of a 45" segment of a 12-inch-diameter air 
model and a 6-inchdiameter hydraulic model i n  the laboratory 9 together 
with a 24-inchdiameter model tested a t  Baulder Dam under a high head.k/ 
The purpose of the larger  model was pr incipal ly  t o  ascer ta in  the 
hy&aulic characteriotics of the hollav-jet valve constructed under 
prototype conditions, t h a t  is, by casting the supporting vanes, the 
cylinder containing the needle, and the outer s h e l l  i n  one piece with a 
mchine f i n i s h  limited t o  the needle and tha t  p a r t  of the outer she l l  
upstream f r m  the vanes. The ~ough  f i n i s h  of the casting could 
concei-mbly effect  the baundary flow suf f ic ien t ly  t o  cause loca l  areas 
of lar pressures whereas i n  the 6-inch model a l l  surfaces were machine 
finished. Since these model studies were made, laboratory t e s t s  have 
defined t o  a cer ta in  extent the re la t ionship between the degree of 
roughness of a surface and the resul t ing e f fec t  on the boundary flow 
which w i l l  produce subatmospheric pressures. Such informtion v i l l  be 
of assistance in  the preparation of specifications for castings 
permitting an allowable tolerance of roughness which w i l l  prevent loca l  
areas of subatmospheric pressures suf f ic ien t  t o  cause cavitation erosion. 

A second reason f o r  studies on a 24-inch model was tha t  some 
of the c r i t i c a l  areas were too small f o r  exploration by piezameters i n  
the 6-inch model. A few revisions were found necessary as a r e su l t  of 
the t e s t s  of the 24-inch valve which was later in s t a l l ed  permanently 
st Jackson Gulch Dam, Msincos Project ,  Colorado. 

Althadgh the design studies r e l a t i ve  t o  the hollow-jet valve 
were conducted in connection with f a c i l i t i e s  f o r  Anderson Ranch Dam, 
the i n i t i a l  ins ta l la t ion  of large un i t s  was on the r i ve r  out le ts  through 
Friant  D m ,  Figure 1. Details of the i n s t a l l a t i on  may be seen on 

a Hydraulic Laboratory Report No. Myd-389. "Hydraulic perfor- 
mance of the control  devices i n  t h e  102-inch r ive r  out le ts  of the middle 
and upper tiers--Sbasta Dam--Central Valley Project." 

Eydraulic LAboratory Report No. wd-148. "Model studies fbr 
the development of the hollow- j e t  valve--Anderson Ranch Dam--Boise Project  , 
Idaho." 

4/ Hydraulic Iaboratory Report No. ll(yd-189. "Tests on 24-inch 
hollow- j e t  valve a t  Boulder Dam." November 29, 1545. 



the  four 96-inch valves was equipped with piezaaneter o r i f i ce s  t o  permit 
the perforxmnce of special  t e s t s  t o  ascer ta in  i f  t h i s  new type valve 
possessed the predicted hydraulic character is t ics .  The p e r i o m n c e  
could conceivably be different  from the hydraulic models due t o  the 
roughness of the casting a s  previously described or  the Larger tolerances 1 

necessarily allowed f o r  the machined surfaces in  the prototype valve 
could cause d i f f i cu l ty .  The locations of the pressure taps a r e  sham 
on Figure 3 .  

Field Tests -- 
The f i e l d  tes t ing  program was inaugurated i n  August 1950, 

a l t hough  the valves were placed in  operation i n  July 1444. The program 
consisted of pressure measurements a t  valve openings of 10: 20, 40, 60, 
&O , and 100 percent, with reservoir elevations of 434 .O, 512.3, and 
555.1 fee t  corresponding t o  heads on the valve of approximately 102, 180, 
and 223 f e e t ,  respectively. The lllaximum design head is  246 f e e t .  

The discharge of the valves was obtained from operating 
records based on current meter measurements i n  the r iver  channel a 
short  distance downstream from the structure.  In t h i s  instance, the 
flow i n  the r iver  channel represents only the discharge th~ough  the 
ou t l e t s .  Hence the current meter observations would not be subject t o  
possible e r rors  by substracting the quantity frcm other sources such 
as a pawerhou.se. 

Other f i e l d  observations included the general behavior of the 
hollow-Jet velves, inspection of t h e h t e r i o r  of Unit l o .  3 during a 
routine disassembling fo r  maintenance, the character of the j e t ,  and 
act ion i n  the s t i l l i n g  basin i n to  which the ou t le t s  discharge. 

Results of Pressure Measurements 

The pressure measurements were obtained in  the usual manner 
by connecticg the pi.ezameter o r i f ices  t o  mni fo lds  joined t o  mercury 
s g e s .  A valve on each connecting l i ne  permitted the determination of 
the pressure for  any par t icular  piezometer. Figure 4 shows the two 
mnifo lds  and mercury gages. 

A l l  pressures have been referred t o  the elevation of the 
centerl ine of the valve a t  the upstream end. The head was measured one 
diameter upstream from the valve and referred t o  the same elevation as 
the other pressures. Hence, the ou t le t  was considered t o  be on a 
horizontal centerline t o  correspond t o  the hydrrrulic model, while 
actual ly  the centerline of the prototype structure slopes downward. 



F, defined as  the r a t i o  of the measured piezometer pressure t o  the t o t a l  
head ( s t a t i c  head plus velocity head), one i n l e t  diameter upstream from 
the valve. This method is  u t i l i zed  t o  permit a d i rec t  comparison with 
the model resu l t s  which were plotted i n  t h i s  form. Quoting from the model 
report  : 

"This procedure reduces F t o  a dimensionless number 
making it possible t o  obtain the pressure a t  any point on the 
valve by selectine; from the curves the correct  value of F and 
multiplying it by the t o t a l  design head on the valve one diameter 
upstream from the i n l e t  ." 

As an example, t o  f ind zhe pressure at a piezmeter ,  when the 
design head i s ,  say, 200 f e e t  of water and the valve i s  50 percent open, 
follow the 50 percent l i n e  u n t i l  it intersects  the curve fo r  the particu- 
lar piezometer and read the value of the pressure fac tor  at the l e f t .  
Multiply X3 times the pressure factor  t o  obtain the pressure at  the 
piezometer for  the case being considered. O f  course, i f  the piezometer 
pressure is  below atmospheric then the F value w i l l  be negative. Huwever, 
no subatmospheric pressures were shown on thz p lo t  of the model t e s t  
r e su l t s ,  but the report  does say: "That posit ive pressures w i l l  e x i s t  
on a l l  parts of the valve except the large vanes i s  indicated by the 
r e su l t s  obtained from the hydraulic model ." 

The pressure in  Lhe air space just  upstream from the vanes, 
although not shown or. the p lo t  of the hydraulic model data,  was s t a t ed  
l;o be a negttive 1.22 fee t  of water in  the 24-inch valve when 100 percent 
open under a t o t a l  head of 136.6 feet .  This pressure corresponds t o  
t ha t  of Piezometer 2 9  in  the prototype where the negative pressure w a s  
pract ical ly  constant a t  4 . 3  f e e t  for  a l l  valve openings v i t n  a t o t a l  head 
of 196.6 f ee t ,  based on the t e s t s  at the two highest reservoir elevations.  
Based on the f i e l d  t e s t  a t  the lowest reservoir elevation,  the negative 
pressure was 9.8 f ee t  under similar conditions of head and valve openings. 
The reason for  the variation between the model and prototype as well 6s 
the variation in  the prototype i t s e l f  can be traced t o  the fac t  t ha t  t h i s  
region i s  par t ly  f i l l e d  w i t h  an air-water mixture due t o  insuff la t ion of the 
j e t  i n  the case of the f u l l  sized s t ructure .  This mFxture could conceivably 
choke the air supply suff ic ient ly  t o  cause an increase in  the subatmospheric 
pressure while i n  the case of the model valve, insuff la t ion did not occur. 

The report describing the t e s t s  of the 24-inch model s t a t e s  
I tha t  : 

"The piezometers located on the large vanes showed 
s negative pressures a t  10 and 20 percent of full opening. The 

maximum negative Cressure w a s  2.78 f ee t  of ilater at  20 percent 
opening where the t o t a l  head was 330 f e e t  of water. Tbese 
negative pressures were probal~ly the r e su l t  of l oca l  i r regular-  
i t i e s  i n  the rough casting and have no par t icu ia r  significance." 

I 



included on ~ i ~ u r e s  5 ,  6, 7, and 8. It w i l l  be observed t h a t  the 
prototype t e s t s  revealed higher pressures, i n  general,  than the mod 
t e s t s ,  except f o r  Piezometer 25P a t  openings of 10 and 20 percent w 
t h e  f i e l d  t e s t s  showed a negative pressure of appraximately 13 f e e t  of 
water a t  t h e  maxhmm design head. 

Although the  l~sgni tude of subatmospheric pressures ws 
grea te r  than predicted from the  model, none was su f f i c i en t  t o  cause 
cavi ta t ion erosion. 

A study of Figures 5 t o  15,  inc lus ive ,  w i l l  show tha t  i n  
general the pressures measured i n  the f i e l d  d i f f e r  from those measured 
i n  e i t h e r  the 6-inch model or  24-inch model by an ampunt appraximately 
equal t o  the difference between the  values determined i n  the  models. 
The prototype values a t  a par t i cu la r  piezometer may be c loser  t o  the 
r e s u l t s  of the 24-inch model than the 6-inch, but a t  another piezometer 
the  reverse may be t rue .  The average deviat ion between the  model and 
prototype pressures may be considered l e s s  than 10 f e e t  of water a t  the  
maximum head. Some of the deviation may be a t t r i b u t e d  t o  the s l i g h t l y  
d i f fe ren t  locat ion of a por t ion of the piezometer o r i f i c e s .  

The r e l a t i ve ly  high pressure obtained a t  P iezmete r  17  i n  
the  24-inch model was due t o  interference by a b o l t  immediately upstream 
from the pressure o r i f i c e .  Piezometer 24 i s  another one which shows 
considerable var ia t ion i n  the th ree  pressure curves but  t h i s  i s  not 
surpr is ing when the fact i s  considered t h a t  the  o r i f i c e  is  located on 
the  needle immediately adjacent  t o  the point  where the j e t  springs 
I. ~ r e e .  k t  t h i s  pcint  a very s l i g h t  change i n  the  iontour of the needle 
port ion of the  valve or  a change i n  locat ion of the o r i f i c e  would 
mater ia l ly  e f f ec t  the pressure.  Figure 16 which shows the piezometer 
numbers employed i n  the  6- and 24-inch models and the  prototype valves, 
together w i t h  the r e l a t i ve  locat ions ,  reveals  t h a t  Piezometer 24 was 
not located precisely a t  the  same point  i n  the  f u l l  s ized valve as i n  
the two models. 

As previously s t a t e d ,  no pressures measured were su f f i c i en t l y  
low t o  cause cavi ta t ion erosion. However, inspection of the valve 
revealed t h a t  cavitation erosion 'had occurred on the valve body upstream 
from the vanes. Figure 17 i s  a view of the  valve i n t e r i o r  looking 
upstream. The dark spots i n  the l i g h t  portion of t h e  valve are areas  
of cavi ta t ion erosion.  This erosion, although not severe, has ac tua l ly  
p i t t e d  the metal and unquestionably is  due t o  the  rough surface of the 
cast ing.  The following tabula t ion shows the hours of operation of the 
valve and other per t inent  information during the e n t i r e  period. of 
operation pr ior  t o  the time of inspection: 



Head on valve operat ion 

The f a c t  t ha t  cav i ta t ion  erosion occurred i n  the  prototype 
bu t  was not  predicted i n  the model s tudies  i s  a t t r i bu t ed  t o  the  rough 
surface of the  cas t ing f o r  the  f u l l  s ized valve, whereas the  6-inch 
model nss machined on all. surfaces and the cas t ing f o r  the  24-inch 
model was hand ground on a l l  surfaces not machined. This condition 
i l l u s t r a t e s  one of the important reasons f o r  the  perfonaance of f i e l d  
tests. For fu ture  construction,  consideration should be given t o  
wri t ing speci f ica t ions  i n  such a way t h a t  roughness of the cas t ing can 
be held within limits t o  prevent subatmospheric presbures su f f i c i en t  
t o  cause cav i ta t ion  erosion.  The laboratory s tud ies  mentioned previously 
would be helpful  i n  t h i s  regard. 

Results of Thrust Measurements 

During the  design s tud ies ,  considerable enphasis was pleced 
on the  locat ion and s i z e  of openings o r  por t s  through the needle port ion 
of the  m l v e  t o  admit pressure i n t o  the  i n t e r i o r ,  thereby balancing t he  
pressure t o  minimize the  power required t o  open and c lose  the valve. 
Figure 18 shows the t h ru s t  i n  the two di rect ions  predicted from the  
24-inch model together with comparable informstion obtained on tbe f u l l -  
s i z ed  s t ruc tu re .  For t he  sake of s impl ic i ty  the  un i t s  have been reduced 
t o  those applicable t o  a 1-foot valve under a 1-foot head; this permits 
cmputat ion of t h s t  forces f o r  other s i z e  hol lar -Je t  valves operating 
under various heads by multiplying the r e s u l t s  shown on Figure 18 by both 
t he  head i n  f e e t  and the  square of the  diameter i n  f e e t .  The r e su l t s  of 
similar data obtained on a 6-inch model a r e  not  shown since the locat ion 
of the  balancing por t s  established by t e s t s  on th is  small model was 
changed a f t e r  analys is  of r e su l t s  from the  24-inch valve. 

a 



The values shown on the  p lo t  of Figu_re 18 reveal  a very c lose  
agreement between the  t h r u s t  predicted from the  24-inch model and the  
quan t i t i e s  determined by f i e l d  measurements on t h e  96-inch valve. The 
g rea tes t  difference occurs i n  the  downstream t h r u s t  a t  a valve opening 
of 10 percent where the  prototype value i s  appraximately 9 percent of 
t h a t  determined i n  the  model.study. O f  course, the  unbalanced force 

. 
or  the d i f f e r e n t i a l  between the  upstrean1 and t h e  downstream t h r u s t  is the 
most important, and the  maximum unbalance occurs at a v d v e  opening of 
10 percent.  This unbalanced force  is  1.25 times the  value s r e d i c t e d  from 
t k e  model s tud ies .  

The method of com9uting the  t i l r u ~ t  i s  believed worthy of 
descriptj-on, al tf~ough the procedure repr2sents  conventional p rac t i ce .  
The t h r u s t  on the  needle i n  the  downstream d i rec t ion  was computed as 
follows : 

& # -d Let P = measured piezometrlc pressure 

/-? 

1 r = = length radius along t o  piezometer surface  of needle 

d 2 n  r?dl = t o t a l  t h r u s t  on t h e  i n c r e m n t  d l  
,' I 2V rPdl  cos 8 = t h r u s t  on increnient dl i n  

I d- , Y X-direction 
rl 

Total t h r u s t  i n  X-direction = 2 ~ 4  r~ cos 8 bl 

R 
And since d l  = 

hr 
then 

2 n  J J rPdr = t o t a l  
cos €3 o 

t i r u s t .  

Tile in tegra t ion  was done graphical ly since the  re la t ionsh ip  of P t o  r 
was not known e x p l i c i t l y .  The value of Pr  was p lo t t ed  agains t  r f o r  a 
valve opening of 10 percent ,  and the a r e a  under t h e  curve was obtained 

with a planimeter t o  obtain lR rPdr and t h a t  value of a r e a  was 
u 

mult,iplied by 2 T  t o  obtain the  t o t a l  t h r u s t  on the  needle i n  t h e  d m -  
stretun d i rec t ion  f o r  a valve opening of 10 percent .  The same procedure 
was u t i l i z e d  f o r  valve openings of 20, 40, 60, 80, and 100 percent .  
The computations were based on a u n i t  head one diarneter ups1;ream from the 
val-ve and t,ile valve was reduced t o  s u n i t  diameter. Only t h e  p r o t o t ~ p e  
da ta  obtained a t  the  highest reservoir  e1evatio:l was u t i l i z e d .  The 
following tabulu'uion siiows the  computations: 



Percent valve opening 
Piezometer : r : 10 : 20 : 4 o : 60 : 80 : 100 

No. : F  : P r : F  : P r : F  : P r  : F  : P r  : F  : P r  : F  : P r  

17 

18 :2.4m: .9912(378: .967:2.321: .881:2.114: .7&:1.882: .715:1.716: .690:1.656 . 
19 :3.070: .979:3.006: .914:2.806: .730:2.241: .591:1.814: .526:1.615: .523:1.606 

20 

With the  valve ccslrpletely closed the thrust i n  the downstream direct ion 
w o u l d  be equal t o  the  area  of the needle times 62.4 divided by the square 
of the diameter t o  obtain t h e  th rus t  on a valve of 1 foot  diameter or 

.rr (8*c67)216204) , 57.52 pounds th rus t  at G opening 
!+ (64) 

The thrust i n  the  upstream direct ion is simply the  pressure 
inside the needle times the area over which the pressure ac t s .  This 
area is that of a 104-114-inch-diameter c i r c l e  minus the area of a 
c i r c l e  of 10-1/2-inch diameter, or 58.675 square feet.  For a valve 
of 1-foot diameter the area is  2w- or 0.917 square feet.  



-t&le reveals the- computation f o r  th rus t  i n  the upstream direction: 

- 
Valve : 

opening : F : Area : Thrust i n  l b  = 
$ : A : 6 2 . 4 ( ~ ) ~  

Rate of Discharge 

The r a t e  of discharge 'of the valve being considered is 
par t icular ly  important i n  re la t ion t o  the camparison with the 
hydraulic model study since it serves t o  prove the accuracy of 
discharge curves prepared from laboratory calibrations.  The importance 
of the advantages of dispensing with f i e l d  cal ibrat ion can only be 
evaluated by considering the tremendous expenditures of money and time 
i n  perf orsing f i e l d  calibrations.  

It is  not intended t o  convey the idea t h a t  a l l  valves should 
be calibrated i n  the laboratory, but labo,ratory cal ibrat ion of a valve 
w i l l  suff ice  f o r  a l l  ins ta l la t ions  of the same type, except fo r  cer ta in  
s i tuat ions  where complicated approach conditions disrupt  the flow 
character is t ics .  

A concept m y  be .had of the time and expense involved i n  
performing a f i e l d  calibration when considering the f a c t  t ha t  apprax- 
imately 600 current m t e r  measurements were made over a period of 
5 years t o  determine the discharge through the r i ve r  ou t le t  valves at 
Friant Dam. A t  t h i s  same s t ructure  similar current meter measurements 
vere conducted t o  determine the discharge through the hollow-jet valves 
a t  the headworks t o  Friant-Kern Canal and a l s o  i n  connection with the 
qvantity of water flowing in to  the Madera Canal through needle valves. 



curves established by the model calibrations a r e  as  accurate a s  the 
cumes determined by the f i e l d  measurements .l/ 

Figure 19 represents data t o  support the accuracy of the 
predicted cal ibrat ion curves. For valve openings greater than 15  
percent, the variation between the model and prototype may be considered 
as 3 percent. For smeller valve openings, the difference is greater 
but t h i s  does nct -man tha t  the model calibration is incorrect ,  but 
suggests inaccuracy of the  f i e l d  data due t o  the f ac t  that lower 
discharges a r e  not susceptible t o  accurate measurements with a current 
meter. The part icular  valves being described i n  t h i s  report were 
equipped with verniers on the position indicators t o  permit accurate 
s e t t i ng  of the valve opening. 

If a l l  necessary precautions a r e  taken there i s  reason t o  
believe tha t  the valves w i l l  operate as accurate.measuring devices, 
thereby s(bvi.?g large expenditures of money and time i n  perforruing 
current meter measurements. 

Other data exis t  t o  show the effectiveness of cal ibrat ion 
curves determined fram hydraulic rnodelq but t h i s  report is limited t o  
the par t icular  inst;sllation at Friant Dam. 

General Behavior of the Valve 

The general behavior of the valve during t e s t s  was ent i re ly  
sat isfactory.  Operation was quiet  and f r ee  from vibration.  The je t s  
remained s tab le  and well defined. 

S t i l l i n g  Basin 

The action of the s t i l l i n g  basin was def in i te ly  not i n  
accordance w i t h  accepted standards i n  t h a t  a large portion of the 
hydraulic jump formed i n  the r i ve r  chamel downstream from the 
s t i l l i n g  basin. A s  r e su l t  of t h i s  observation during the f i e l d  t e s t s ,  
an underwater survey was l a t ex  conducted t o  determine the extent of 
any erosion in  the r i ve r  channel as well as the basin proper. This 
survey revealed that  very l i t t l e  erosion had occurred in  the r i ve r  
channel which i s  composed of rock. Some damage had occurred i n  the 
s t i l l i n g  basin, probably due t o  cavitation erosion as a re su l t  of the 
high veloci t ies  over rough surfaces combined with the erosive action of 
the small rocks carr ied in to  the basin by the hydrsulic Jump. In same 
areas ,  the erosion of the basin was suf f ic ien t  t o  expose the reinforcing 
s t e e l .  Figure 20 shows the r e su l t s  of the last survey. 

5/ Unfortunately the i n i t i a l  cal ixrat ion nomogmphs were i n  
e r ror  due t o  an ari thmetical  mistake but the conclusions s ta ted  were 
based on the corrected curves. 



s t i l l i n g  basin bas predicted from the hydraulic madei s tudies  during the 
design of the  basin. I n  other words, the s t ructure  was designed with 
the knowledge that t h e  performance would be substandard but the roc:k i n  
the r i ve r  channel adjacent t o  the s t i l l i n g  basin was considered t o  be 
of a quali ty suff ic ient  t o  withsta,d the action thus permitting the 
construction of a siiorter basin for the purpose of econcmy. However, 
m g e  t o  the concrete f l o o r  of the basin was not  predicted. Bad t h i s  
d i f f i cu l ty  been foreseen, uidoubtedly the s t i l l i n g  basin would have 
been designed more conservatively. 

Appendix I contains the de t a i l s  of t he  study of the s t i l l i n g  
basin. 

. 
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F I G U R E  9 
R E P O R T  H V 0 . 3 8 8  
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P E R C E N T  OF FULL VALVE OPENING 

SYMBOLS 
0 RESERVOIR E L E V A T I O N  433.98 
0 REB?RVOIR E L E V A T I O N  5 1  S? 32 
A RESERVOIR E L E V A T I O N  354.40 

NOTE 
P r o t o t y p e  d a t o  shown b y  symbols  
24- Inch model d o t o  shown by s o l ~ d  l lnes 
6-Inch m o d e l  d a t o  shown by broken l lnes 

F R l A N T  D A M  
R I V E R  O U T L E T S  

H Y D R A U L I C  PERFORMANCE TESTS 
P I E Z O M E T E R S  3 A N D  2 9  





I P E R C E N T  O F  FULL VALVE O P E N I N G  

SYMBOLS 
0 RESERVOIP ELEVATION 4 3 3  98 
0 RESERVOIR ELEVATION 5 1 2  32  
A RESERVOIR ELEVATION 554 rO 

NOTE 
P r o t o t y p e  d a t o  shown by s y m b o l s .  
2 4 - I n c h  model d o t o  shown by s o l ~ d  l ines. 
6 - lnch model d a t o  shown by broken I~nrs. 

F R l A N T  D A M  
R I V E R  O U T L E T S  

H Y D R A U L I C  PERFORMANCE TESTS 
PIEZOMETERS 2 ,  9 AND 17 
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P E R C E N T  OF F U L L  V A L V E  OPENING 

SYMBOLS 
0 RESERVOIR ELEVATION 43306 
0 RESERVOIR ELEVATION 5 l e  3E 
A RESERVOIR ELLVATION 554  d0 

NOTE 
Prototype doto  shown by symbols. 

124-Inch model doto shown by sol~d Itne 
P 2 3 1 \ 6 - ~ n ~ h  model doto shown by broken llnc 
PI81 24-Inch ond 6-Inch model doto rhowrr by 

s o l ~ d  I ~ n e .  

F R l A N T  D A M  
R I V E R  O U T L E T S  

H Y D R A U L I C  PERFORMANCE TESTS 
P I E Z Q M E T E R S  18 A N D  2 3  



PERCENT OF FULL VALVE OPENING 

SYMBOLS 
e RESERVOIR E L E V A r l O H  433.38 
D RCSEUVOIP ELEVATION 512.32 
4 RESERVOIR ELEVATION 5 5 4 . 4 0  

NOTE 
P r o t o t y p e  d o t o  shown by s y m b o l s  

24-Inch model  d o t o  shown by so l ld  llnes 
6-Inch model  d a t o  shown by broken I lnes. 

F R I A N T  D A M  
R I V E R  O U T L E T S  

H Y D R A U L I C  PERFORMANCE TESTS 
P I E Z O M E T E R S  8 A N D  19 







Cavitation erosion (dark spots) on body of r i v e r  outlet  hollow jet valve 
H - 3 ,  Friant Dam. 





F R l A N T  D A M  
R I V E R  O U T L E T S  

H Y D R A U L I C  P E R F O R M A N C E  T E S T S  

U I S C H A R O f  - C U B I C  FEET PER SECOND 







To : H. M. Martin 

From : J. N .  Bradley 

Subject:  Fr iant  Dam r i v e r  ou t le t s  

In  accordacce with your request ,  an invest igat ion was 
made of the  s t i l l i n g  bas in  f o r  the  Fr iant  Dam r i v e r  ou t l e t  works. 
D .  M .  Iarlcaster v i s i t e d  the  prodect i n  October 1950 and observed 
the  operation of the 96-inch hollow J e t  valves operating s ingly ,  
with the reservoir  a t  e levat ion 444 . or 114 f e e t  of head on the  
valves.  M r .  Lancaster and the  f i e i d  personnel were not s a t i s f i ed  
with the operation of t he  s t i l l i n g  basin, and a l l  were of the opinion 
t h a t  the length was i n su f f i c i en t .  A plan and sec t ion  of the  s t i l l i n g  
bas in  are sham on Figure 1. 

It was first des i rable  t o  determine the  ta i l -water  conditions 
under which the  prototype s t i l l i n g  basin was operating. The only 
de f in i t e  information thst the project  could o f f e r  i n  t h i s  respect 
was a t ab le  of water surface readings f r m  the  United S t a t e s  
Geological Survey gaging s t a t i o n  located 1-112 miles damstream. 
This information is  p l o t t e d  as the  lower curve shown on Figure 2. 
The extreme upper curve on the same f igure  represents  the  estimated 
tail water cat; t h e  dam and cons t i tu tes  the curve tht was used f o r  
the model study. The t h i r d  o r  intermediate curve represents the 
present  tail water a t  t he  dam vhich was scaled from photographs 
taken by Mr. Lsncsster while the  s t i l l i n g  bas in  was in operation. 
This was acccxplished by noting t he  water surface with respect  t o  
the  tap of the  dividing vall on t he  nonoperating s i de  of the s t i l l i n g  
bas in  ( ~ i g u r e s  3 ,  4 ,  and 5 ) .  The dividing v a l l  is 4.0 f e e t  wide. 
Figure 2 shows the present  tail water a t  R i a n t  I)am t o  be approxi- 
mately one foot  lover  than the  ant ic ipated curve. It is  not k n m  
whether the  ou t le t s  were operated a su f f i c i en t  time t o  allw the 
tail water i n  the r i v e r  t o  bu i ld  up t o  a maximum value. One foot  
difference i n  tail-water depth should not be c r i t i c a l  i n  s t i l l i n g  
baa i n  crperation . 

It wers next des i r sb le  t o  r e c a l l  the  operation of the  
model s t i l l i n g  basin. Figure 6 shorn the model, which is  on a 
sca le  of 1 t o  32, with one valve operating a t  3,000 cubic f e e t  per 
second f o r  nr%xPmum rese rvo i r  l eve l .  This is  t h e  be s t  ccerpsrieon 
ava i lab le  and corresponds t o  Figure 5 i n  s o  f a r  ati discharge i e  
concerned. The camparison is not  a t rue  one, however, as the model 
nas operated with rese rvo i r  a t  elevation 578 (332 f e e t  of head) 
with a n t i c i p t e d  tail water. W l e  the  prototype t e s t s  were mnde 
with the reservoir  a t  e levat ion 444 (114 f e e t  of head) wl th  the  
present  t a i l r a t e r  e levat ion.  



which is not- considered sa t i s fac tory  from e i the r  present o r  past  
standards. This can be remedied a t  the lower discharges, however, 
by operating more than one valve, as can be observed fram the 
remainder of the model photographs , on Figures 6 and 7. Res rd -  
less  of valve combination, the discharge is limited t o  approxi- 
mately 10,000 second f e e t  for  good operation a t  maximum head. 

Figure 1 shows a section of the s t i l l i n g  basin a s  
constructed. From p e r ~ o n a l  recol lect ion,  although there  is  
nothing t o  the e f fec t  mentioned i n  the report ,  good rock was 
experienced downstream fram the s t i l l i n g  basin so it was decided 
t o  construct a short  basin and allow some of the diss ipat ion t o  
occur downstream i n  the rock channel. There my have been a 
misconception at  the time of the model t e s t s  as t o  the  wall on 
the r i g h t  s ide of the cut .  This wall was carried up above high 
tail-water level  in  the model t o  confine the  flow, Figures 6 and 
7, whereas actual ly  t h i s  wall is insuf f ic ien t  i n  height t o  extend 
above low tail-water l eve l ,  Figures 3,  4 ,  and 5.  Energy d i s s i -  
pation i n  the two cases could be quite d i f fe ren t .  

The needle and tube valves f o r  the  r iver  ou t le t s  were 
originally t i l t e d  downward a t  an angle of 10". In 1 9 4 ,  a f t e r  the  
s t i l l i n g  basin had been constructed~ a second model was b u i l t  i n  
which the tube and needle n l v e s  were replaced with four  %-inch 
h o l l w  j e t  valves. It was necessary, i n  t h i s  case, t o  reduce the 
tilt of the valves t o  6 O  and remove as  much as  15 inches of concrete 
from the t ra jectory face. A s  a r e su l t ,  t h e  je ts  f r m  the valves no 
longer followed the concrete t ra jectory f o r  the  msurinnun head, but 
struck in  the pool proper a s  i s  evident i n  Figures 6, 7, and 8 
ef fec t ing  a reduction i n  the effective length of the pool. Referring 
t o  the  f i n a l  design, the following a re  excerpts from Eydraulic 
Laboratory Report No. 166. 

" A l l  t e s t s  with any kind of valve have shown the 
pool to  be under designed f o r  the higher flows. Maximwn 
capacity of the hollow J e t  valves was 16,000 second f e e t ,  
but desirable pool conditions ended f o r  a discharge of 
approximtely 12,000 second f ee t .  With the reduction i n  
angle of tilt of the  valves, the j e t s  were n o t  spread on 
the apron f o r  operation a t  high heads and discharges. A t  
t t e  higher Mows the J e t s  persisted through the pool and 
struck the ve r t i ca l  end w a l l .  The r e su l t  was a violent 



i t y  as the flow passed over the sil l .  Although the design 
was not en t i re ly  sat isfactory f o r  the higher flows, i t  was 
accepted as f i n a l ,  since the ~llaxFrmun flow conditions were 
not expected t o  occur often.  

"When operating one or  two valves with the 
corresponding tail-water elevation, the discharge for  these 
valves was l imited t o  a value lover than t h a t  which could 
be passed when more valves were operating. When the d i s -  
charge per valve was high and only one or  two valves were 
in  operation, the energy of the j e t s  was disproportionately 
high f o r  corresponding tail-water elevations. Consequently, 
an insuff ic ient  amount of energy was dissipated i n  the pool 
t o  m i n t a i n  the hydmulic jump. This condition vas amplified 
with two valves discharging i n t o  one side of the pool. For 
operation with two valves, the  most sat isfactory conditions 
were obtained with one valve discharging i n t o  each half of 
the pool. The combined discharge should be l imited t o  
5,000 second f e e t  fo r  any combination of two valves operating 
and t o  2,000 second f e e t  with one valve operation." 

From the above, it is &pparent t ha t  the model resu l t s  were 
not in  e r ro r ,  nor were the interpreta t ions  of the resu l t s .  Design 
res t r ic t ions  were imposed on the study which l imited the end r e su l t s .  
The l imita t ions  of the s t i l l i n g  basin, as determined by the laboratory, 
are clear ly  s ta ted  i n  the report .  It recommends a ~~laxFmum of 2,000 c i s  
f o r  one-valve operation, a muriman of 5,000 c f s  fo r  two-valve opera- 
t i o n ,  and a ~llaxirmun of 12,000 c fs  for four-valve operation, a l l  a t  
maximum head. 

A t  the request of the  laboratory the f i e l d  made s survey of 
the rock cut  inwediately downstream from the s tF l l ing  basin i n  
January 1952. The resu l t s  of t h i s  survey a re  included as Figure 8. 
A comparison of t h i s  figure with the design drawing, Figure 1 ahowe 
very l i t t l e  erosion t o  date.  It should be mde clear  t o  the operating 
personnel and others concerned t h a t  the Fr iant  River out le t  works 
s t i l l i n g  basin vao intended t o  operate wlth a very turbulent water 
surface downstream. There m y  be secondary e f fec t s  such 8s erosion 
of riverhnks or scouring arourxi bridge p ie rs  but it is fe l t  t ha t  the  
s t ructure  proper w i l l  operate safely for  sametime. Removal of sane of 
the rock by eroaion may improve the over-all effectiveness of the 



however: accurate records of erosion downstream should be taken 
periodically and f i l ed .  

There a re  two lessons t o  be learned from the experiences 
v i t h  the Friant Dam River ou t le t s :  

F i r s t ,  the laboratory is probably par t ly  at  
f au l t  f o r  not ins i s t ing  t h a t  the s t ructure  operate 
properly f o r  a l l  anticipated flow conditions. It m y  
be well t o  keep t h i s  incident i n  mind when t e s t i ng  
future hydraulic s t ructures .  The designers a r e  prone 
a t  times t o  impose res t r ic t ions  i n  operation which are 
not compatible with necessary f i e l d  operation. Also, 
they a r e  occasionally too eas i ly  s a t i s f i e d  with a model 
t e s t  because of econmic res t r ic t ions  placed upon t h e i r  
a c t i v i t i e s .  It is par t ly ,  without a doubt, our responsi- 
b i l i t y  t o  see t h a t  these and future designs a r e  considered 
w i t h  a Long-range viewpoint. 

Secondly, t r s in ing  walls and t h e  walls resu l t  - 
ing from excavation should not be extended higher i n  
models than they actual ly  a r e  i n  the prototype, as was 
done here. This can lead t o  misinterpretation of resu l t s  
and erroneous reasoning as the result of viewing tests on 
models which are not constructed correctly.  













t l - -Discharge 3 ,  000 c f s  R--Discharge 4 , 0 0 0  c f s  
One valve 62'70 opcr~ One valve 81% open 

C --Discharge 5 , 0 0 0  c f s  
'I'wo valves 50% open 

D--Discharge 5 , 0 0 0  c f s  
Two va lves  50% open 

RIVER OU1'1,ETS--FKIANT DAM 
HEAD 332 FEET 
1:32 Sca!e Model 
FIpJi\ L. DESICiN 



Figure 6 

t l  - -Discharge 3 , 0 0 0  c f s  
One valve 62% open 

B--Discharge 4 , 0 0 0  c f s  
One valve 81% open 

C - -Discharge 5 ,  000 cf!; 
'I'wo valves  50% open 

D --Discharge 5 , 0 0 6  c f s  
Two valves  50% open 

R I V E R  OUTLETS--FRIhNT DAM 
tIEAD 332 FEET 
1:32 Scale 1:lodel 
FIN)\ I .  DESIGN 



Figure 7 

tl --Dischnrgc 8 ,000  cfs 
Two valves 90% open 

B--Discharge 8 .000  cfs  
Two valves 9070 open 

C --Discharge 6 ,000  cfs 
Four valves 30% open 

D--Discharge 16,000 cfs 
Four vlaves 9 1 %  open 

RIVER OU1'1,fS'I'S--FRIANT DAM 
f iEAD 332 FEET 
1:32 Scdle Modei  

F l N A  I ,  DESIGN 




